Due to a unique combination of direct band-gap, high mobility and wide band-gap, GaN is a promising material in both optical and power electronic applications. Based on the vertical p-n diode structure, efficient blue light emission has been achieved 1 and record high Baliga's figure of merit (FOM) has been demonstrated. [2] [3] [4] [5] [6] Mg-doped p-type GaN using metal-organic chemical vapor deposition (MOCVD) requires the post-growth activation of the acceptors to release mobile holes. 7, 8 It is found that the Mg dopant is passivated due to the incorporation of atomic hydrogen during growth, 9 which exists in H þ and forms a Mg-H complex. [10] [11] [12] [13] [14] Successful activation of p-GaN consists of two steps: breaking the Mg-H bonds and driving away the H þ out of the material. At elevated temperatures above 700 C, the Mg-H bonds can be broken and hydrogen can diffuse out from exposed p-GaN surfaces. Improved thermal activation has been achieved by using an O 2 gas mixture [15] [16] [17] and hydrogen-storage metals, 18 thanks to augmented hydrogen diffusion by faster exhaustion of the out-diffused hydrogen.
Buried p-GaN structures are essential in tunnel-injection LEDs 19, 20 and various vertical power transistors such as HBTs, [21] [22] [23] trench-MOSFETs, [24] [25] [26] CAVETs, [27] [28] [29] LDMOSlike transistors 30, 31 and trench-MOSFETs with a regrown channel. [32] [33] [34] [35] [36] However, in those device structures, the buried p-type GaN layer can be either passivated during uninterrupted MOCVD growth, 37 or re-passivated by the MOCVD regrowth of a capping layer. The activation of buried p-GaN is much more difficult than that of p-GaN with an exposed top surface mainly due to two reasons: (1) hydrogen has a much higher diffusion barrier 11 and thus a much lower diffusivity in n-type GaN compared with p-type GaN, 12, 38 thus it cannot diffuse through the n-type layer on top; (2) the built-in electric field in the top n-p junction prevents H þ in the buried p-GaN from moving towards the top surface. One possible way of activating the buried p-GaN is by exposing the pGaN through etched mesa sidewalls and/or via holes. 26, 28, 29, 33, 34, 39 Effective activation of p-GaN has been tested by reverse breakdown measurement on the body p-n diode. 28 It has also been demonstrated that hydrogen can diffuse laterally out of the mesa sidewalls and activation of the buried p-type layer is confirmed by light emission and reduced turn-on voltage in a tunnel-junction LED structure. 39 Compared with tunnel-junction LEDs, where insufficient activation of buried p-GaN leads to an effectively "open" circuit, power devices have a more stringent requirement on the activation. Any buried p-GaN region with insufficient activation of the Mg-dopants leads to reduced Gummel number (i.e., the net negative charges in p-GaN), which directly leads to premature punch-through breakdown, i.e., an effective "short" path of the device. 37 In this paper, we investigate the activation of buried p-GaN passivated by hydrogen via etched mesa sidewalls in vertical diode structures using the reverse breakdown measurement as a sensitive probe pertinent to power electronic applications. A critical lateral dimension is identified under which sufficient activation of the buried p-GaN is achieved.
The as-grown epitaxial structure [ Fig. 1 . The net carrier concentration of the drift layer is $ 1 Â 10 16 cm À 3 as determined from C-V measurements. The resultant contact resistance R c and Hall measurement data on the p-layer in these as-prepared p-n diodes are among the best in the literature:
2,40 R c of $ 4 Â 10 À 5 XÁcm
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, hole concentration of $ 7% of Mg concentration and hole mobility of 24 cm 2 /VÁs. These observations confirm that the as-prepared p-layer is well behaved and sufficiently activated to start with.
Two samples with buried p-GaN structures are prepared [ Fig. 1(b) ]: an MOCVD sample and an MBE (molecular beam epitaxy) control sample. In the MOCVD sample, a buried and H-passivated p-GaN structure is first created by a blanket MOCVD regrowth of a 30-nm unintentionally doped (UID)-GaN capping layer on top of the p-n structure described above. Before loading into the MOCVD chamber, the sample received a 30-min UV-ozone treatment followed by HF cleaning to reduce the residue Si concentration at the surface. 33, 34 To ensure full passivation of p-GaN, 9 prior to the UID-GaN regrowth, the MOCVD sample also received a 900 C/30 min in-situ anneal inside the MOCVD growth chamber with NH 3 carrier gas. In the MBE control sample, a buried but un-passivated p-GaN structure is created by a blanket regrowth of a UID-GaN capping layer of similar thickness using MBE at a substrate thermocouple temperature of 800 C. To investigate the effect of different n-type doping levels in the capping layer, a 40-nm n þ -GaN layer is subsequently regrown by MBE on a selected area on both samples. A lift-off process is used with SiO 2 as the hard mask. As a result, 4 types of buried p-GaN structures are compared: MOCVD-i/p-n, MOCVD-n þ /i/p-n, MBE-i/p-n, and MBE-n þ /i/p-n, with "/" signifying a regrowth interface, while "-" for an interface without growth interruption.
Subsequently, three types of vertical diodes are fabricated on both samples: i/p-n diodes, n þ /i/p-n and p-n diodes. All three types of diodes have a circular geometry with the diameter ranging from 200 lm to 20 lm, as shown in Fig.  1(c) . In addition, the n þ /i/p-n diodes are also available in a stripe-geometry with the stripe width ranging from 10 lm to 5 lm [ Fig. 1(d) ]. The fabrication steps are as follows. The pGaN top surface is first exposed by etching away the regrown UID-layer using a Cl-based dry etch for the fabrication of p-n diodes. Then, the device mesa isolation is formed in all device types by dry etch; consequentially, the buried pGaN is exposed via the mesa sidewalls. After the mesa isolation, a 725 C/30 min furnace anneal in dry air is performed on the MOCVD sample aiming to activate the buried p-GaN via the mesa sidewall. Finally, the Ti/Au stack and the Pd/ Au metal stack are deposited for n-type and p-type ohmic contacts, respectively.
To quickly confirm the re-passivation of p-GaN by hydrogen during the MOCVD regrowth process, diodes on the MOCVD sample are also probed without metallization before and after the activation anneal. Figure 2 shows the leakage current comparison under reverse bias. Both the p-n diodes and the n þ /i/-p-n diodes show high leakage current before the activation anneal; no high leakage is observed for the i/p-n diodes, possibly due to the Schottky barrier formed between the probe tip and the sample surface, which limits the leakage current within the bias range. These observations indicate the p-GaN layer being re-passivated inside the MOCVD chamber.
The conductivity of the regrown layers is investigated by the transfer length measurement (TLM). Figure 3(a) shows the gated-TLM I-V curves obtained on the UID-layer of the MOCVD-i/p-n structure at V g ¼ 25 V. The crosssection schematic of the gated-TLM test structure is shown in the inset. The gate dielectric is 30 nm of Al 2 O 3 deposited by atomic layer deposition (ALD). The gated-TLM is required since the thin UID-GaN layer should be fully depleted by the p-GaN underneath. At V g ¼ 25 V, the regrown layer shows a high sheet resistivity (R s ) of $ 0.1 MX/(, indicating that UID-GaN is strongly compensated, likely due to Mg-diffusion from p-GaN underneath during the MOCVD regrowth. 41 Figure 3 Fig. 4(a) ], the p-n and i/p-n diodes show similar behavior: the leakage current level is reasonably low and comparable with the p-n diodes in the MBE control sample [ Fig. 4(b) ]. The breakdown voltage (BV) is around 1100-1200 V. There is no obvious diode-size dependence in either the leakage current or the BV. The device breakdown is limited by mesa edge breakdown as indicated by the burnt area after breakdown tests. Such behavior is expected due to the absence of edge field management techniques such as field plate. These data suggest a decent reverse blocking capability; thus, sufficient activation of p-GaN in the p-n and i/p-n diodes of all sizes (200-20 lm). With the highest BV of $ 1200 V, ! 28% of Mg atoms are activated as effective acceptors by calculating the field distribution at punchthrough. It is worth emphasizing that 28% is the lower bound of activation since the breakdown is limited by edge field crowding but not punch through in these devices.
On the other hand, the MOCVD-n þ /i/p-n diodes show much higher leakage currents than the p-n and i/p-n diodes. The soft breakdown determined by the measurement compliance is less than 300 V for all device sizes. No clear size dependence is observed. In comparison, the MBE-n þ /i/p-n diodes show much lower leakage currents and much higher BVs, thanks to the absence of hydrogen during MBE regrowth, similar to the report in Ref. 27 . These data indicate insufficient activation of the buried p-GaN in the MOCVDn þ /i/p-n diodes of all diameters from 200 lm to 20 lm.
Activation of p-GaN in the p-n diodes is expected since the top surface of p-GaN is exposed during the activation anneal, allowing hydrogen to diffuse out. On the other hand, activation of buried p-GaN in the MOCVD-i/p-n diodes is not readily expected. As observed from the high reverse leakage current in the circular MOCVD-n þ /i/p-n diodes, the sidewall activation alone is not sufficient for the buried pGaN in diodes with diameters of 20 lm and above. Consequently, the observed activation of buried p-GaN in the MOCVD-i/p-n diodes does not primarily come from sidewall activation. Instead, the activation should be attributed mostly to diffusion of hydrogen upward toward the top surface. From the gated-TLM measurements and previous studies, 41 substantial Mg incorporation due to Mg-diffusion in the MOCVD-regrown thin UID capping layer is expected. As a result, the UID capping layer behaves like a thin layer of Mg-doped GaN, thus allowing diffusion of hydrogen upward. In the MOCVD-n þ /i/p-n diodes, however, the hydrogen up-diffusion is blocked by the additional n þ -GaN layer. The stark difference in the activation behavior of buried p-GaN in the MOCVD-i/p-n diodes and MOCVD-n þ /i/pn diodes suggests a strong influence of the net doping in the capping layer on hydrogen diffusion. For circular diodes with sizes down to 20 lm, the sidewall activation alone cannot achieve sufficient activation of the buried p-GaN under the annealing conditions. For the n þ /i/p-n diodes with a lateral dimension of <20 lm, the stripe-geometry with widths of 10, 8, 6, and 5 lm are designed instead of the circular geometry for easy probing. As shown in Fig. 1(d) , each diode consists of two 50 lm-long fingers separated by a narrow i/p-n region in between (2-5 lm). shows the reverse leakage current at À 200 V for all types of diodes on the MOCVD sample with respect to the lateral structure width. At least 3 devices are measured for each diode type and size. The error bars are generated based on the scattering in measured data. A dramatic change in the leakage current for the MOCVD-n þ /i/p-n diodes is observed at $ 10-20 lm. These data indicate sufficient activation of the buried p-GaN, and thus a lateral hydrogen diffusion length of >5 lm (half of the stripe width) under the annealing conditions is used in this work. The observed activation should be attributed to the lateral diffusion of hydrogen out of the etched mesa sidewall as well as the exposed UID-GaN surface between fingers.
The forward I-V characteristics of the diodes are also measured on the MOCVD samples before the reverse breakdown measurements, as shown in Fig. 4(d) . The i/p-n diodes and p-n diodes behave similarly, which supports the argument that the i-layer is converted to p-type due to Mg diffusion. The higher-than-ideal turn-on voltage and the low on-current are due to the poor ohmic contact on the p-layer. The large circular n þ /i/p-n diodes show high leakage current at low bias, while the ones with stripe-geometry and smaller width ( 10 lm) have much lower leakage current, which are consistent with the reverse I-V characteristics.
From the above observations, it can be concluded that the critical lateral dimension of a buried p-GaN layer is between 10 and 20 lm to achieve "effective" activation (! 28% in the structure and annealing conditions used in this work) via exposed p-GaN surfaces, corresponding to a Mg activation length or a H diffusion length of 5-10 lm. This value is about 10Â smaller than the reported Mg activation length of $ 85 lm in tunnel-junction LEDs, 39 and the origins of this difference are worthy of further investigations. Presently, we speculate that the much higher Mg concentration in p-GaN used in Ref. 39 may lead to different activation behavior. More importantly, the reverse breakdown measurement is a much stricter test of the acceptor activation of buried p-GaN than light emission. Any insufficient activation of buried p-GaN leads to drastically higher leakage current due to premature punch-through.
In order to extend the Mg activation length further into the center of a device, a longer activation time or a higher temperature may be required. At the initial stage of the buried p-GaN activation via mesa sidewall, the concentration gradient of hydrogen is the highest near the sidewall surface. With the activation of p-GaN near the exposed surface, an electric field is established pointing from the un-activated region toward the activated p-GaN, which also promotes the out-drift of hydrogen by exerting an electric force on the H þ toward the surface. As the activation length increases laterally, both the concentration gradient and the built-in electric field reduce, and thus the activation activity slows down. If the electric field is neglected, the hydrogen profile determined by a lateral diffusion process could be approximately expressed using Fick's law in one-dimension
where x is the distance from the mesa edge, D is the diffusivity of hydrogen, which increases exponentially with increasing temperature, erf is the error function, and N 0 is the initial hydrogen concentration. As suggested by this expression, the characteristic diffusion length is 2 ffiffiffiffiffi Dt p . Thus, the buried pGaN should eventually be all activated at sufficiently long annealing times and high annealing temperatures regardless of the dimension. But, it is not practical, given the high thermal budget required and possible material degradation under long-duration high-temperature annealing. The critical lateral dimension found in this study under typical annealing conditions provides valuable insights into the design of devices that incorporate buried p-GaN structures, especially for those used in power electronic applications.
From Eq. (1), the diffusivity of hydrogen at 725 C in pGaN can also be estimated. The hydrogen diffusion length is taken to be 5-10 lm, over which the hydrogen concentration is assumed to decrease from $ 80% to 0, similar to the criterion used in Ref. 39 In conclusion, the sidewall activation of buried p-GaN in MOCVD-regrown vertical structures is investigated and the effectiveness of the activation is probed by reverse breakdown measurements. The buried p-GaN with a MOCVDregrown UID layer on top can be activated from the top surface due to the Mg incorporation in the regrown UID film. In the n þ /i/p-n diodes, hydrogen up-diffusion is blocked by the additional n þ -GaN layer but sidewall activation is found to be an effective alternative by utilizing lateral diffusion of hydrogen out of the p-GaN. A critical lateral dimension of 10-20 lm is found for the buried p-GaN structure, under which sufficient sidewall activation of the p-GaN power electronic devices utilizing MOCVD-grown/regrown buried p-GaN structures, while providing guidelines on design of the required device geometries. 
